The influence of a surface potential gradient on the location and extent of electrochemical reactions was examined using a scanning electrochemical microscope. A linear potential gradient was imposed on the surface of a platinumcoated indium tin oxide electrode by applying two different potential values at the edges of the electrode. The applied potentials were used to control the location and extent of several electrochemical reactions, including the oxidation of Ru(NH 3 ) 6 2+ , the oxidation of H 2 , and the oxidation of H 2 in the presence of adsorbed CO. Scanning electrochemical mapping of these reactions was achieved by probing the feedback current associated with the oxidation products. The oxidation of Ru(NH 3 ) 6 2+ occurred at locations where the applied potential was positive of the formal potential of the Ru(NH 3 ) 6 2+/3+ redox couple. The position of this reaction on the surface could be spatially translated by manipulating the terminal potentials. The rate of hydrogen oxidation on the platinum-coated electrode varied spatially in the presence of a potential gradient and correlated with the nature of the electrode surface. High oxidation rates occurred at low potentials, with decreasing rates observed as the potential increased to values where platinum oxides formed. The extent of oxide formation versus position was confirmed with in-situ ellipsometry mapping. In the presence of adsorbed carbon monoxide, a potential gradient created a localized region of high activity for hydrogen oxidation at potentials between where carbon monoxide was adsorbed and platinum oxides formed. The position of this localized region of activity could be readily translated along the surface by changing the terminal potential values. The ability to manipulate electrochemical reactions spatially on a surface has potential application in microscale analytical devices as well as in the discovery and analysis of electrocatalytic systems.
Introduction
There has been increasing interest in the development and use of well-defined surface gradients for the construction of materials with tailored and spatially controllable properties, 1,2 for the design of dense combinatorial libraries, 3 and for novel analytical testing methods. 4 Surface composition gradients have been used to control local wettability 5 as well as to study cell and protein interactions with surfaces. [6] [7] [8] Temperature gradients have been used in the construction of combinatorial polymer libraries. 9 Gradients have also been used for inducing motion in liquid drops, 5 demixing in lipid bilayer membranes, 10 control of liquid crystal orientation, 11 and spatial control of electrochemical reactions. 12, 13 The construction of combinatorial libraries and the development of highthroughput testing methods have exploited gradients to examine polymer thin-film dewetting, 14 to construct phase diagrams, 9 to study mushroom-to-brush crossover in surface-anchored polyacrylamide films, 15 and to perform coverage and compositiondependent reactivity mapping of heterogeneous catalysts. 13, 16 A variety of methods have been used for the construction of surface gradients, including free diffusion, 5-7 diffusion in microfluidic networks, 17 STM-based replacement lithography, 18 physical vapor deposition, 6,11 and imposed electrochemical 12, 13 or electric field gradients. 10, 19 Electrochemical gradients represent a novel method for the construction of surface gradients as well as for the local control of electrode surfaces. Electrochemical gradients are particularly appealing because of both the flexibility and reversibility of control that they provide. Electrochemical gradients have been used to fabricate self-assembled monolayer gradients, 12, 20, 21 gradients in electrodeposited polymers, 22 model surfaces for cell and protein adhesion studies, [23] [24] [25] composition gradients of various metals, 13, 16, 26, 27 In this work, we demonstrate the ability of an applied potential gradient to control the extent and spatial position of several electrochemical reactions and spatially map these processes using a scanning electrochemical microscope (SECM). SECM was employed to directly quantify the magnitude and spatial extent of electrochemical reactions on a platinum-coated electrode in the presence of various potential gradients. The influence of a surface potential gradient on the behavior of a simple redox reaction involving the Ru(NH 3 ) 6 2+/3+ couple was examined. In addition, the influence of a potential gradient on local electrocatalytic activity for the hydrogen oxidation reaction was explored. The impact of a potential gradient on oxide formation and carbon monoxide adsorption on platinum were both examined in terms of their influence on the magnitude and spatial position of the hydrogen oxidation reaction. We demonstrate the ability to adjust the position of these features readily on an electrode surface by controlling the magnitude and extent of the applied potential gradient.
Experimental Methods
Materials and Reagents. All experiments were performed in 18 MΩ deionized water (E-Pure, Barnstead, Dubuque, IA). Electrochemical measurements were performed in solutions containing asreceived ruthenium hexamine (Ru(NH 3 ) 6 Cl 3 ), sulfuric acid (H 2 SO 4 ), and sodium sulfate (Na 2 SO 4 ) (Aldrich, Milwaukee, WI). Unless otherwise noted, the solutions were deaerated with nitrogen (BOC Gases, Murray Hill, NJ) prior to each measurement. Carbon monoxide-coated surfaces were created by delivering pure CO gas (BOC Gases, Murray Hill, NJ) to the electrochemical apparatus by bubbling through a porous ceramic frit (Ace Glass, Inc., Vineland, NJ) into the electrolyte solution for a period of 5 min with the working electrode held at a potential of 0.1 V. The CO was then removed from solution by purging with nitrogen for a period of 15 min. Deposits of Pt were obtained by electrodeposition (vide infra) from solutions containing 1-10 mM chloroplatinic acid (H 2 PtCl 6 ) (Strem Chemicals, Newburyport, MA) in 0.1 M Na 2 SO 4 .
Substrate Fabrication. Indium tin oxide (ITO)-coated glass slides (Delta Technologies, Stillwater, MN) with a surface resistance of R s ≈ 100 Ω square -1 were cut to a size of 25 × 25 mm 2 and then patterned with bands of Pt to create the final sample configuration used for SECM imaging (Scheme 1). The band pattern was fabricated in order to avoid generating a continuous Pt film on the ITO surface. A continuous metallic film could decrease the resistance of the sample to the point where the potentiostat was unable to drive enough current through the electrode to maintain the linear potential gradient. Using a band pattern ensured that the resistance of the sample maintained the value of the ITO substrate.
The ITO was patterned using photolithography to fabricate a series of bands with a length of 25 mm and a width of ∼30 µm, separated by ∼10-µm-wide strips of photoresist. To make this pattern, a thin layer of the photoresist (Microposit S1813 Photoresist, Shipley, Marlborough, MA) was coated on the ITO substrate by spin coating at 1000 rpm for 30 s. Subsequently, the substrate was soft-baked in a convection oven at 100°C for 30 min. The substrate was then exposed to ultraviolet light for 15 min through a patterned mask (Ronchi slide, Edmund Industrial Optics, Barrington, NJ). The substrate was developed immediately (Microposit MF-319 Developer, Shipley, Marlborough, MA), leaving behind the unexposed photoresist with the desired pattern. Finally, the sample was hard baked at 110°C for 30 min.
Platinum was electrodeposited onto the exposed ITO bands to form a thin coating from a solution of 10 mM H 2 PtCl 6• 6H 2 O and 0.1 M Na 2 SO 4 using a potentiostat (model CH1030, CH Instruments Inc., Austin, TX). A square wave potential program with limits of 0 and -1.5 V (vs Hg/Hg 2 SO 4 ) at a frequency of 100 Hz was applied for 2 min to create a uniform coating of platinum. After electrodeposition, the photoresist was stripped from the surface by immersing the substrate in photoresist remover (Microposit Remover 1165, Shipley, Marlborough, MA) for ∼2 min. This procedure produced 30-µm-wide platinum bands separated by 10 µm strips of ITO. The substrate was cleaned thoroughly with deionized water before performing any further experiments. Electrical contact pads were then fabricated onto the ends of the platinum-coated ITO regions by depositing gold through a mask that exposed the edges of the sample. Approximately 100 nm of gold was vapor deposited (Denton Vacuum Turbo III, Moorestown, NJ) onto the ends of the substrate at a pressure of ∼7 × 10 -5 Torr at a rate of 1 to 2 Å s -1 . Electrical contact was achieved by attaching a copper wire to the gold contact pads using a conductive silver epoxy (H20E, Epoxy Technologies, Billerica, MA), followed by an insulating epoxy (QuickSet Epoxy Gel, Hentel Consumer Adhesives Inc., Avon, OH).
Electrochemistry and Scanning Electrochemical Microscopy. The scanning electrochemical microscope (SECM) used in this work was a custom-built model similar to that described in the literature, 29, 30 with a slight modification of the electronics to allow for the electric field gradients to be applied. Briefly, the positioning system consisted of a motor driver (UNIDRIV6000, Newport Corporation, Irvine, CA) connected to three integrated stepper motor/linear translation stages (ILS Series, Newport Corporation, Irvine, CA) assembled in an orthogonal fashion to provide three independent directions of motion. The motor driver was interfaced via a motion controller card (ESP6000, Newport Corporation, Irvine, CA) to a personal computer. The sample platform consisted of an optical table (Newport Corporation, Irvine, CA) with a custom-built Teflon cell mounted on a multiaxis tilt stage (model 39, Newport, Irvine, CA). Electrochemical measurements were performed with two bipotentiostats (model AFRDE, PINE Instrument Company, Grove City, PA) connected in such a way that three working electrodes could be controlled in combination with a single reference and counter electrode. Two of these electrodes were used to control the substrate potentials (E 1 and E 2 ), and the third controlled the potential of the tip electrode (E tip ). Details of the potentiostat connections and a block circuit diagram are provided in Supporting Information. One bipotentiostat was used to impose the electric field gradient at the substrate surface, and the other was used to control the potential of the scanning tip. Common reference and counter electrodes were used for both bipotentiostats. The reference electrode was a Hg/ Hg 2 SO 4 electrode, but all potential values are reported with respect to the reversible hydrogen electrode (RHE). SECM tips were fabricated with 25-µm-diameter gold wires (Goodfellow, Berwyn, PA) sealed in glass using a technique similar to that described in (28) 
Scheme 1. Schematic of the Sample Used for SECM Mapping of the Surface Potential Gradient
the literature. 31 The tip current was measured with a high-sensitivity current amplifier (Keithley Instruments, Inc., Cleveland, OH) and recorded using a multifunction data acquisition board (model NI 6036E, National Instruments, Austin, TX). Tip positioning and data acquisition were performed with a custom-designed scanning program written in LabView (National Instruments, Austin, TX).
Ellipsometry. An in-situ ellipsometry cell was fabricated from a piece of Delrin and glass microscope slides. A 7.5 × 5.1 × 1 cm 3 piece of Delrin was machined along two parallel sides at 20°. Glass slides were glued (QuickTite Super Glue, Manco, Inc., Avon, OH) to the Delrin to provide optical access to the sample at a 70°angle of incidence. Two more glass slides were adhered to the remaining ends to create a closed cell. The cell wall joints were then covered with an inert organic lacquer (Microstop stop-off lacquer, Pyramid Plastics Inc., Hope, AR). For ellipsometry measurements, the substrate consisted of a layer of platinum electrodeposited between gold contact pads on an ITO substrate. The band structure as described earlier was not used in these samples. Electrical contact to the substrates was achieved by attaching a copper wire to the gold contact pads using a conductive silver epoxy (H20E, Epoxy Technologies, Billerica, MA), followed by an insulating epoxy (QuickSet Epoxy Gel, Hentel Consumer Adhesives Inc., Avon, OH). The gold contact pads, epoxy, and copper wires were coated in the organic lacquer to isolate them from solution. Hg/Hg 2 SO 4 reference and Pt/Ir counter electrodes were suspended in the cell for potential control. Experiments were performed in a solution of 0.1 M Na 2 SO 4 and 5 mM H 2 SO 4 .
Null-ellipsometry measurements were performed using an automated, multifunctional optical system (Multiskop, Optrel GbR, Berlin, Germany) with spatial mapping capabilities. Ellipsometric data were acquired at a single wavelength (632.8 nm) with a beam diameter of ∼0.6 mm in the PCSA configuration at a 70°angle of incidence. Film calculations were performed using a commercial software package (Elli, Optrel GbR, Berlin, Germany). The refractive index, n, and absorption coefficient, k, of the substrate (n ) 2.062, k ) -0.860) were determined using a two-phase model (water/ substrate) at a potential of 0.0 V (vs NHE). The absorption coefficient used here varies from that observed for bulk Pt electrodes (k ) -4.6). 32 This difference is most likely due to the semitransparent nature of our Pt-coated ITO film. The thickness of the platinum oxide film was then calculated as a function of applied potential using a three-phase model (water/film/substrate) and estimated optical constants (n ) 2.8, k ) -0.3). Ellipsometry mapping experiments were performed by translating the sample along the direction of the applied potential gradient using an integrated stepper motor and recording delta and psi with a uniform potential of 0 V and in the presence of an applied potential gradient. The changes in delta and psi at each position were used to determine the oxide thickness.
Results and Discussion
Cyclic voltammetry of a platinum-coated indium tin oxide (ITO) electrode in a solution of 5 mM Ru(NH 3 ) 6 Cl 3 /0.1 M Na 2 -SO 4 (Figure 1a ) exhibits the typical response for a reversible redox reaction. 33 The formal potential for the Ru(NH 3 ) 6 3+\2+ couple is ∼0.25 V versus RHE. At potentials negative of this value, Ru(NH 3 ) 6 3+ in solution is reduced, whereas at potentials positive of this value, Ru(NH 3 ) 6 2+ near the electrode surface is oxidized. Under normal conditions, these reactions would occur uniformly over the entire electrode surface at a rate dictated by the applied electrode potential. In the presence of a surface electric field gradient, however, the rates of these reactions vary spatially along the surface. Evidence of the magnitude and extent of these spatially varying reaction rates can be visualized through several methods, such as the formation of surface films, 27 the evolution or consumption of chemical species at the electrode surface, or optical methods such as surface plasmon resonance (SPR) 12 or surface-enhanced Raman spectroscopy (SERS). 21 Scanning electrochemical microscopy (SECM) represents a high-resolution electrochemical mapping strategy that can also be employed to quantify these spatially varying electrochemical processes directly. 31 Figure 1b depicts the results of an SECM mapping experiment in which a linear potential gradient is applied along the electrode surface in the presence of 5 mM Ru(NH 3 ) 6 3+ .
Terminal potential values of E 1 ) 0.0 V and E 2 ) 1.4 V are applied to create a gradient with a 1.4 V change over a distance of ∼18 mm. Under these conditions, the left side of the substrate near E 1 presents potential values sufficient to reduce Ru(NH 3 ) 6 3+ in solution whereas the right side near E 2 oxidizes Ru(NH 3 ) 6 2+ . During SECM mapping experiments, the tip potential is held at E tip ) -0.15 V, where the diffusion-limited reduction of Ru(NH 3 ) 6 3+ occurs at the tip with a current of I tip,inf ≈ -27 nA. A scan over the substrate at a tip-substrate separation of ∼5 µm produces a nonuniform tip current that varies between high and low current values. At substrate positions between 5 and 18 mm, the tip current is large and reflects a large positive feedback between the tip and substrate (I tip ≈ 60 nA). At these locations, the substrate potential is above the Ru(NH 3 ) 6 3+/2+ formal potential, so Ru-(NH 3 ) 6 3+ that is reduced to Ru(NH 3 ) 6 2+ at the tip diffuses to the substrate and is oxidized back to Ru(NH 3 ) 6 3+ . This positive feedback between tip and substrate reflects a large substrate oxidation rate. With further scanning, the tip current decreases rapidly at a position of ∼3 mm. This decrease in tip current occurs at a substrate position that coincides with the formal potential of the Ru(NH 3 ) 6 3+/2+ couple. At locations to the left of this position, the tip current maintains a steady, low value (I tip ≈ 5nA) as the substrate shields the tip and also reduces Ru-(NH 3 ) 6 3+ in solution, which limits its availability to the SECM tip. A schematic of the tip-substrate interface depicting the geometry and the magnitudes of the reactions occurring in the tip-substrate gap during this experiment are depicted in Figure  1c . The feedback current is large on the right side of the sample where the potential is above that for the Ru(NH 3 ) 6 3+/2+ couple and low on the left side where the potential is below this value.
The extent and spatial location of the Ru(NH 3 ) 6 3+/2+ reaction on the surface is readily manipulated by changing the values of the terminal potentials. In Figure 2 , a series of SECM line scans were acquired for different values of the terminal potential E 2 . With a value of E 2 ) 1.4 V, the SECM line scan (Figure 2a) shows a transition from positive to negative feedback near ∼3 mm, which is consistent with the location of the formal potential for the Ru(NH 3 ) 6 3+/2+ reaction on the surface. Decreasing the magnitude of E 2 produces a shallower potential gradient ( Figure  2b ) and moves the transition in tip current to the right. As E 2 is decreased further from 1.4 down to 0.6 V in increments of 0.2 V, SECM line scans show that the location of the transition in tip current shifts further to the right along the surface. Thus, by simply changing the value of the terminal potentials, the position of the electrochemical reaction on the surface can be readily manipulated. Notably, the curves for all five potential gradients coincide if plotted as tip current versus substrate potential ( Figure  2c ).
This simple electron-transfer reaction involving Ru(NH 3 ) 6 3+/2+ exhibits a reaction rate that is not sensitive to the nature of the electrode surface. However, a catalytic reaction such as the oxidation of H 2 involves an adsorption step on platinum that is highly sensitive to the nature of the surface as well as the presence of platinum oxides. [34] [35] [36] This reaction can be readily monitored with the SECM by using the reduction of protons as the tip reaction. A tip potential of E tip ) -1.0 V was used to monitor this reaction. This large negative potential was used to ensure that our gold microelectrode tip reached the diffusion-limited plateau current for proton reduction, which gave an infinity current of I tip,inf ≈ -130 nA. With this tip reaction, proton reduction at the tip electrode produces hydrogen gas, which can diffuse and oxidize at the substrate. The protons produced at the substrate can then diffuse back to the tip and produce feedback current, which can be used as a measure of the magnitude of the hydrogen oxidation rate at the substrate. This technique has been employed to characterize catalyst electrodes as well as to perform combinatorial screening experiments for fuel cell catalysts. 16, 37, 38 Cyclic voltammetry of a platinum-coated ITO electrode in a solution of 5 mM H 2 SO 4 /0.1 M Na 2 SO 4 displays the features typical of platinum in an acidic solution (Figure 3a) . Hydrogen underpotential deposition (UPD) peaks are evident at potentials just positive of 0 V. Oxide formation is indicated by the broad oxidation at more positive electrode potentials and by the symmetric reduction peak in the reverse scan. Platinum oxides would be expected to appear as the potential approaches and exceeds ∼0.6 V. An SECM line scan across the substrate electrode at a tip-substrate separation of ∼10 µm with constant terminal potential values of E 1 ) E 2 ) 0.1 V (Figure 3b) shows uniformly large feedback at the tip, which indicates a large and uniform hydrogen oxidation rate across the substrate. In the presence of a surface potential gradient, the behavior is significantly different.
Terminal potential values of E 1 ) 0.0 V and E 2 ) 1.4 V ( Figure  3c ) produce a potential gradient that spans the range of surface behavior indicated in Figure 3a . In this case, the SECM line scan shows a large feedback current, indicating a high substrate reaction rate, on the left side of the sample. As the tip moves across the sample to increasing substrate potential values, the feedback current decreases continuously, starting near ∼8 mm, which corresponds to a surface potential value of ∼0.6 V, until it plateaus at a minimum value at ∼16 mm with a potential >1.2 V. A schematic of the tip-sample interface (Figure 3d) Figure 4a shows the change in delta as a function of applied potential, and Figure  4b shows the change in psi. During the forward potential scan, delta decreases gradually between 0.0 and 0.8 V and then decreases rapidly with further increasing potential. Psi, in contrast, increases steadily over the same range in potential. The decrease in delta of approximately 4°suggests the formation of an oxide film. 39 The changes appear at potentials consistent with the oxidation current observed in cyclic voltammetry (Figure 3a) . During the return sweep in potential from 1.4 to 0 V, delta increases while psi decreases until they reach their original values at 0.0 V. In both, a rapid change is observed at a potential corresponding to the oxide reduction peak in Figure 3a .
Previously, ellipsometric measurements on bulk platinum electrodes indicated that changes in delta and psi could be used to deduce the potential-dependent thickness of a growing oxide film. 32, 40 To convert the changes in delta and psi measured here to an estimate of the oxide thickness, a three-layer optical model (water-oxide-substrate) was used. Optical constants for the platinum-coated ITO substrate were first determined at a potential of 0.0 V (n ) 2.062 and k ) -0.860). The changes in delta and psi were then fit to a three-layer model using estimated optical constants for the oxide (n ) 2.8, k ) -0.3) to determine the thickness of the oxide film. Results of this fitting procedure (Figure 4c ) indicate a slow film growth starting at ∼0.6 V and then a rapid increase in thickness to a maximum of ∼2.3 nm near 1.6 V. During the reverse scan, the oxide film is removed rapidly as the potential decreases below ∼0.8 V. The potentials at which the oxide film forms and is removed are consistent with the cyclic voltammetry shown in Figure 3a . Notably, the oxide thickness observed here is somewhat larger than that reported for short-timescale oxide growth on bulk Pt electrodes. 32, 40 This difference in measured oxide thickness could be influenced by the timescale of the experiments as well as the nature of the electrodes examined.
To quantify the nature of the oxide film formed in the presence of a surface potential gradient, null-ellipsometry mapping experiments were performed. A platinum-coated ITO electrode was prepared, and in-situ ellipsometry mapping was performed along the surface in the presence of a linear potential gradient. Because small variations in the quality of the substrate resulted in changes in the measured optical constants whose values exceeded those induced by an applied potential, the ellipsometry results are reported as the changes in delta and psi at each location. These changes refer to those measured in the presence of the (39) Figure 5b ) were monitored with respect to electrode position for a surface potential gradient spanning 0.0 to 1.6 V. The observed changes in these parameters are consistent with those observed at a fixed location during potential cycling. As the potential increases along the gradient from the left to the right of the sample, delta decreases gradually at first and then more rapidly as the potential reaches and exceeds ∼0.6 V ( Figure  5a ). Similarly, psi increases gradually at low potentials on the left and then more rapidly at higher potentials on the right ( Figure  5b ). The only anomalous result appears to be the psi value measured at the far right side of the sample. The lower value measured here could be due to overlap with the gold contact pad at this location. Nevertheless, the thickness of the oxide layer could be determined as a function of position in the presence of the potential gradient from these results using a three-layer model (Figure 5c ). The thickness of the oxide layer versus position and potential is consistent with that observed in the potential cycling results. A variation in oxide thickness between 0 and ∼2.3 nm is observed along the gradient. As suggested in the previous Figures, the decrease in feedback current for hydrogen oxidation correlates with the increase in oxide layer thickness. This is consistent with the blocking behavior of oxide films observed during oxygen evolution on platinum surfaces. 41 In addition to oxide formation, another species that dramatically alters the catalytic activity of platinum toward hydrogen oxidation is carbon monoxide. 42, 43 Carbon monoxide strongly adsorbs to platinum to block active sites and poison the surface. The impact of carbon monoxide adsorption can be readily seen from Figure  6a , which depicts a linear sweep voltammogram for a platinumcoated ITO electrode after exposure to carbon monoxide in a solution of 5 mM H 2 SO 4 /0.1 M Na 2 SO 4 . A comparison of this result to Figure 3a shows the absence of hydrogen adsorption peaks at low potentials due to the blocking effect of carbon monoxide. In addition, a large anodic peak appears at ∼0.8 V. This peak reflects the oxidation of carbon monoxide from the electrode surface, which occurs at a potential just preceding the formation of platinum oxides.
The impact of adsorbed carbon monoxide on the hydrogen oxidation reaction is to lower the reaction rate drastically. This can be visualized by a line scan with the SECM over the Pt electrode with the surface held at a uniform potential of 0.0 V (Figure 6b ). At this potential, the surface is completely blocked by a layer of carbon monoxide, and the tip current is uniformly low over the entire surface, in stark contrast to the uniformly high activity observed in the absence of carbon monoxide ( Figure  3b ). The adsorbed carbon monoxide blocks sites for hydrogen adsorption and thus severely reduces the overall oxidation rate, which appears as reduced current in the SECM line scan. In the presence of an applied potential gradient with values spanning 0.0 and 1.4 V, several different behaviors appear in the SECM line scan (Figure 6c ). At potentials between 0.0 and ∼0.8 V, a low feedback current indicates an inactive surface covered with a layer of carbon monoxide. As the potential increases above 0.8 V, the tip current increases. This reflects an activation of the platinum and coincides with the removal of carbon monoxide from the surface via oxidation. As the potential increases to more positive values, the tip current increases to a maximum near ∼1.0 V and then decreases again as the potential further increases. The increase corresponds to the removal of the carbon monoxide layer, and the decrease in current is a result of the formation of platinum oxides. A schematic of these behaviors is depicted in Figure 6d , which shows a carbon monoxide-poisoned surface at low potentials, an active zone at intermediate potentials, and an inactive zone at high potentials due to oxide formation. Notably, the region of high hydrogen oxidation activity at intermediate potential values represents a stable zone on the surface in the presence of the applied potential gradient.
The extent and location of this stable zone can be readily controlled via manipulation of the potential gradient. Figure 7 depicts several examples of SECM line scans acquired in the presence of different surface potential gradients with an adsorbed carbon monoxide layer. A decrease in the potential at E 2 to 1.2 V (Figure 7a ) moves the active zone further to the right on the sample, and increasing the value of E 2 to 1.4 V (Figure 7b ) moves the active zone to the left. The change in position coincides with the change in thickness of the oxide layer on the right side of the sample as the potential at E 2 is varied. The left side of the sample remains inactive as a result of the adsorbed carbon monoxide layer. Increasing the potential applied to E 1 serves to remove the carbon monoxide layer over a larger span of the surface, with the onset of high activity moving further to the left. In Figure 7c , a potential gradient between 0.6 and 1.4 V produces an expanded active zone that spans a large fraction of the surface, with only the far left side of the sample being inactive as a result of carbon monoxide and a fraction of the right side of the sample inactive as a result of oxide formation. Increasing the potential value at E 1 to 0.8 V (Figure 7d ) is sufficient to remove the carbon monoxide layer completely from the sample, allowing the entire left side of the sample to be active while the far right side remains inactive as a result of oxide formation. The ability to change the applied potential gradient readily transforms the location and magnitude of the catalytically active zone on the electrode surface.
Conclusions
This work illustrates a combination of the imaging capability of the scanning electrochemical microscope with the spatial control provided by a surface potential gradient to manipulate the magnitude and spatial position of several electrochemical reactions. Examples of both catalytic and noncatalytic reactions are used to show the impact of the changing surface potential on the electrochemical reactions. These results demonstrate the unique ability of a surface potential gradient to control the magnitude and location of an electrochemical reaction on a surface. The ability to readily modify the potential gradient allows precise control over the spatial location of these reactions and the creation of stable zones of high or low reactivity on a surface. In addition, a potential gradient provides the capability of simultaneously driving an oxidation and reduction reaction on the same electrode surface. We anticipate that these features will have an impact on a range of potential analytical testing devices, particularly for microscale systems where spatial control of electrochemical phenomena provides novel control or analysis features. An example is the ability to create a well-defined, electrochemically generated pH gradient within a microscale channel for isoelectric focusing. 28 In addition, we anticipate that the spatial complexity as demonstrated with the hydrogen oxidation reaction could be exploited to study electrocatalytic reactions and to perform high-throughput catalyst screening and analysis.
